Macromolecular transport through the interstitial space of a tissue occurs by convection and diffusion. The convective component of transport results from interstitial fluid flow. There have been no direct measurements of the magnitude or direction of interstitial fluid flow in tissues to date. Using fluorescence recovery after photobleaching, we have measured interstitial fluid velocities and the diffusion coefficient of bovine serum albumin in normal and neoplastic tissues grown in a thin, transparent window in the ear of a rabbit. A well-defined laser beam was focused on a region within the interstitium of the fluorescence-bathed tissue. A short pulse of laser irradiation extuished the fluorescence emanating from this selected region. The recovery of fluorescence due to diffusion and convection within the medium was monitored and analyzed to yield values of the diffusion coefficient and the fluid velocity. The average fluid velocity was about 0.6 jtm/s, and albumin diffusion coefficients were 5.8 + 1.3 x 10-7 cm2/s and 6.3 ± 1.9 x 10-7 cm2/s in normal and neoplastic tissues, respectively. The interstitial fluid flow, in general, was directed into postcapillary venules. The results obtained in this study should provide the impetus for further investigation into the diffusion and convection in various tissues under normal and pathological conditions. The movement of fluid and solute molecules in tissues under normal and pathological conditions is generally explained in terms ofStarling's hypothesis, proposed almost a century ago (1). This hypothesis suggests that fluid is filtered at the arterial end of a vessel and mainly reabsorbed at the venous end (2, 3). This fluid movement presumably leads to convective transport of macromolecules in the interstitium. While this model has served as a basis for several theoretical studies (4-7), there have been no direct measurements of the magnitude and direction of interstitial convection. The Landis occlusion technique (8) has been used to estimate transcapillary fluid flux; however, the exact locations of filtration and reabsorption at the microvascular level have not been determined in an intact tissue to date. Ultrastructural studies suggest that the interstitium is comprised of two phases: a gel phase containing primarily collagen, elastin, and polysaccharides (e.g., hyaluronate, glycosaminoglycans); and a fluid phase made up of water and dissolved proteins (9-13). Quantitative fluorescence microscopy studies have provided effective diffusion coefficients, Doff, of various molecules in the interstitium (14-18). Since this parameter combines the effects of convection and diffusion, it is not possible to determine the magnitude or direction of convection from these measurements. Swabb et al. (19) estimated the importance of interstitial convection in macromolecular transport by measuring the hydraulic conductivity of tissue slices ex vivo. Their conclusion was that interstitial convection was the dominant mode of transport for high molecular weight molecules. Macroscopic studies of lymph drainage (20) and fluid loss (21) from normal (0.0017-0.072 ml/hr per g) and tumor (0.14-0.22 ml/hr per g) tissues have provided estimates of average interstitial velocity but no information on the sites of absorption and filtration or on the local velocity around individual blood vessels.
The movement of fluid and solute molecules in tissues under normal and pathological conditions is generally explained in terms ofStarling's hypothesis, proposed almost a century ago (1) . This hypothesis suggests that fluid is filtered at the arterial end of a vessel and mainly reabsorbed at the venous end (2, 3) . This fluid movement presumably leads to convective transport of macromolecules in the interstitium. While this model has served as a basis for several theoretical studies (4) (5) (6) (7) , there have been no direct measurements of the magnitude and direction of interstitial convection. The Landis occlusion technique (8) has been used to estimate transcapillary fluid flux; however, the exact locations of filtration and reabsorption at the microvascular level have not been determined in an intact tissue to date. Ultrastructural studies suggest that the interstitium is comprised of two phases: a gel phase containing primarily collagen, elastin, and polysaccharides (e.g., hyaluronate, glycosaminoglycans); and a fluid phase made up of water and dissolved proteins (9) (10) (11) (12) (13) . Quantitative fluorescence microscopy studies have provided effective diffusion coefficients, Doff, of various molecules in the interstitium (14) (15) (16) (17) (18) . Since this parameter combines the effects of convection and diffusion, it is not possible to determine the magnitude or direction of convection from these measurements. Swabb et al. (19) estimated the importance of interstitial convection in macromolecular transport by measuring the hydraulic conductivity of tissue slices ex vivo. Their conclusion was that interstitial convection was the dominant mode of transport for high molecular weight molecules. Macroscopic studies of lymph drainage (20) and fluid loss (21) from normal (0.0017-0.072 ml/hr per g) and tumor (0.14-0.22 ml/hr per g) tissues have provided estimates of average interstitial velocity but no information on the sites of absorption and filtration or on the local velocity around individual blood vessels.
We present here direct, simultaneous measurements of interstitial convection and diffusion in a living tissue, using fluorescence recovery after photobleaching (FRAP). In this technique, a laser beam is focused on a chosen region in the fluorescent medium of interest. A short pulse of laser irradiation extinguishes (photobleaches) the fluorescence emission from this selected region. The recovery of fluorescence due to convection and diffusion is monitored and analyzed to yield values of the convective velocity, v, and the diffusion coefficient, D, of the fluorescent molecule. This technique has been successfully used to study the mobility of macromolecules in cell membranes and within the cell cytoplasm in vitro (22) (23) (24) (25) (26) (27) (28) . Three unique features characterize our approach: (i) to our knowledge, in vivo application of FRAP has not been reported previously; (ii) our photobleaching model uses a Gaussian pattern that leads to a simple closed-form solution (29) ; and (iii) unlike previous applications of FRAP, the pointwise digitization of fluorescent images used here does not require the a priori knowledge of the flow direction.
MATERIALS AND METHODS
Rabbit Ear Chamber. Sterile Sandison-Clark transparent chambers (One of a Kind, Lincoln Park, NJ) were surgically implanted in the ears of New Zealand White male rabbits weighing between 2 and 4 kg (Green Meadows Rabbitry, Murrysville, PA) by following a procedure described elsewhere (30) (31) (32) . About 7 days postimplant, vessel growth was seen at six equiangular locations on the outer periphery of the chamber observation port. The granulation (normal) tissue matured in about 40 days postimplant and was restricted to a thickness of 45 ± 5 ram. This tissue was ideal for transmission microscopy and did not require superfusion, which might have created optical and transport artifacts (32) .
Neoplastic Tissue. The top coverslip of the chamber was removed and replaced with another coverslip coated with a slurry of VX2 carcinoma cells by following a procedure described elsewhere (17 ability of capillaries and postcapillary venules, the exp ments were concentrated around these vessels. As a res most of the conclusions drawn from these studies are pal ulary pertinent to capillaries and postcapillary venules.
A region (=-40 Aum in radius) in the interstitial space 1 chosen so that it was adjacent to a microvessel of inter The tissue interstitium was photobleached by exposure I short pulse (=1 s) of laser irradiation. During this bleaci phase, a shutter to the camera was closed to protect it fi the laser irradiation. Immediately after photobleaching, shutter was opened, and the image was relayed to im acquisition boards online and recorded on videotape offline analysis.
Recovery Analysis. A detailed discussion of the theoret analysis is provided elsewhere (29) . Digitized frames w acquired at discrete time intervals (=1.7 s) and stored further analysis. The fluorescence intensity distributior each time point was modeled as a Gaussian function two-dimensional space (Eq. 1). This assumption is valid short bleach times (29 Gaussian profile fits to fluorescence distribution images acquired at various times after photobleaching. The x axis represents distance (in um) away from the center ofthe photobleached spot. The [4] y axis represents fluorescence intensity in arbitrary units. Each symbol represents the average ofintensities at a given radial position. [5] A total of 6300 data points was taken at each time. (Fig. 4a) . This observation agrees with Starling's hypothesis that interstitial fluid flow is governed by microvascular pressure differences and hence parallels blood flow. However, in other instances (102 of 214 cases), the direction of the interstitial fluid flow is against the blood flow (Fig. 4b) . This is probably caused by the response of the interstitial fluid flow to blood pressure changes. Quite often (about 50%o of the cases) an abrupt change in the direction of blood flow was observed in capillaries. In these instances there is a time lag before the interstitial fluid flow reacts to these changes. This time lag is presumably due to interstitial elasticity and nonlinearities in the flow pattern, caused by the pressuredependence of the tissue hydraulic conductivity. The perpendicular component of the interstitial fluid velocity ranges in magnitude from 0.0 to 1.5 ,um/s with an average of about 0.5 ,tm/s. This motion is often (153 of 214 cases) towards the vessel, indicating fluid reabsorption in postcapillary venules (Fig. 4c) .
Interstitial fluid velocities on the order of 0.6 ,um/s suggest local pressure gradients of about 4 mmHg/,um, assuming an interstitial hydraulic conductivity of 10-12 cm4/dyne-s (19). Such large pressure gradients might not be expected in vivo; however, it should be noted that, in addition to hydrostatic pressure gradients, osmotic pressure gradients within the interstitium might play a significant role in driving fluid flow. Other investigators (33, 34) have suggested that because of the presence of interstitial free fluid channels (size nm), the hydraulic conductivity might be as high as 10-' cm4/dyne-s. This could explain the high velocities of 0.6 Am/s with interstitial pressure gradients of as low as 0.004 mmHg/A&m. It is possible that convective flows might be higher in tissues with normal levels of activity compared to flows measured in the ear chamber preparation. It would be advantageous to measure microvascular and interstitial pressures and pressure gradients simultaneously with fluid motion; however, pressure measurements in the rabbit ear chamber preparation require the removal of the chamber coverslip and the insertion of invasive probes that may disturb the normal physiology and cause trauma to the tissue.
The velocities measured in normal and neoplastic tissues are not statistically different from each other (Tables 1 and 2 ). Investigators have reported higher interstitial pressures and pressure gradients in tumors than in normal tissues (12) . This would imply larger convective currents in tumors, which is not supported by the data from this experimental study. Our hypothesis is that during the initial stages (72 hr) of tumor growth used in this study, the pressure gradients within the neoplastic tissue in the chamber have not developed. This would result in similar flow characteristics between normal and neoplastic tissues. There is, however, a statistically significant difference (P < 0.05) between the magnitudes of the parallel and perpendicular components of the interstitial fluid velocity. The fact that the perpendicular component of the velocity is higher in magnitude in all of the tissues in this study indicates that fluid flow within the interstitium is mainly directed perpendicular to these vessels and not parallel to them. The diffusion coefficients for bovine serum albumin in normal and neoplastic tissues measured by the FRAP technique are 5.8 ± 1.3 x 10-7 cm2/s and 6.3 ± 1.9 x 10-7 cm2/s, respectively. As in the case of the velocities, these values are not significantly different from each other. These measurements are much higher than the previously measured values of effective diffusion coefficients, 0.2 x 10-7 cm2/s and 0.9 X 10-7 cm2/s for the same tissues, in our laboratory (16, 17) and the value of 0.7 x 10-7 cm2/s measured by Fox and Wayland in the rat mesentery (15) . The diffusion coefficients measured by FRAP are, in fact, closer to the aqueous diffusion coefficient for bovine serum albumin, which is 9.3 X 10-7 cm2/s at 37TC. Long bleach times (up to 2 s) may lead to distortion of the Gaussian photobleach profile (Eq. 1), which in turn may lead to an overestimation of the diffusion coefficient, but this error is not expected to exceed 15%.
As stated earlier, the interstitium consists of a gel phase and a fluid phase. Our hypothesis is that FRAP measures diffusion primarily in the free fluid phase of the interstitium, whereas the relaxation method used by previous investigators (14) (15) (16) (17) (18) measures the effective diffusion coefficient in the colloid-rich gel phase. The fluorescence recovery observed in our experiments is a biphasic phenomenon. The initial recovery within the free fluid phase is much more rapid than the recovery at long times in the gel phase ( figure 8 in ref. 16) . By using FRAP, diffusion is detected on a time scale of 10 s, when any tracer present in the gel phase is presumably immobile. Therefore the mobility of the tracer within the free fluid phase is measured, yielding essentially the free fluid (aqueous) diffusion coefficient. On the other hand, the relaxation method used previously (14) (15) (16) (17) (18) measures the uptake and distribution of the fluorescent macromolecule through the interstitium over a long time period. Any binding in or transport through the gel phase would appear as a decrease in the measured diffusion coefficient, which explains the low values of in vivo effective diffusion coefficients that have been reported prior to this study. The fact that previous studies in our laboratory (16) (17) (18) have yielded higher effective diffusion coefficients in neoplastic tissues compared with values in normal tissues implies that the gel-phase diffusion coefficient, not measured by the FRAP technique, is higher in these tissues. The measurement of this gel diffusion coefficient by the FRAP technique requires monitoring the recovery phase for a long time. However, as stated earlier, the acquisition and analysis of reliable data after the first few seconds of recovery are prone to error because of the marked decrease in contrast between the bleached spot and the unbleached background.
Photobleaching experiments conducted on sacrificed rabbits have yielded lower diffusion coefficients for bovine serum albumin (1.7 ± 0.3 x 10-7 cm2/s), presumably due to the collapse of the free fluid channels in the interstitium. Interstitial velocities measured in these animals were also markedly decreased, possibly due to the dissipation of pressure gradients within the tissue. The magnitude of the parallel component of the interstitial fluid velocity decreased to 0.05 ± 0.03 tkm/s, and that of the perpendicular one decreased to 0.13 ± 0.11 um/s.
A possible problem with the photobleaching technique is damage to the tissue during bleaching. Examination using light as well as electron microscopy revealed no damage to the bleached normal tissue in the ear chamber. Heating of the tissue caused by exposure to the laser beam is another potential problem. Theoretical calculations (35, 36) indicate a local temperature rise of about 1.4°C for a 2-s bleach pulse. Such a temperature rise could cause a small (<0.5%) increase in the local diffusion coefficient.
It is known that the interstitium provides significant resistance to the transport of macromolecules like antibodies (37) . Since no blood-borne molecule can reach target cells without crossing the interstitium, an improved understanding of interstitial transport is essential to optimize targeted drug delivery. Using FRAP we have identified the sites of fluid exchange within the microvasculature of living tissue. We have measured interstitial fluid velocities on the order of 0.6 nm/s in normal and neoplastic tissues. We also have measured the diffusion coefficient for albumin within the interstitial fluid phase in these tissues. Our approach can probe the structure and function of a wide variety of thin-tissue preparations like the mesentery, omentum, hamster cheek pouch, and the bat wing. The results obtained in this study should provide the impetus for further investigations into diffusion and convection in various tissues under normal and pathological conditions (e.g., hemorrhagic shock, edema, inflammation).
